Abstract: A high-spectral-efficiency photonic frequency down-conversion approach for wavelength-division-multiplexing radio-over-fiber (WDM-ROF) uplinks is proposed and experimentally investigated. In the approach, an optical frequency comb serves as the carriers of multiple channels, and each comb line is modulated by the upstream radio-frequency (RF) signal via single-sideband modulation. At the central station, the beating between the sideband with upstream signal and its adjacent optical carrier leads to photonic frequency down-conversion without additional optical frequency shifts. Due to the band overlapping or the reduction of guard band between adjacent channels, a high spectral efficiency is achieved for WDM-ROF uplinks. A two-channel experimental uplink is established, where a 15-GHz RF signal carrying quadrature phase shift keying (QPSK) data is successfully downconverted to a 2-GHz intermediate frequency (IF) signal. For the 10-Mb/s QPSK data, the measured eye diagrams and the constellation diagrams clearly show the effectiveness of the frequency down-conversion and the influence of the transmission distance. In fact, the proposed approach is applied to the down-conversion at a high data rate up to several gigabits per second, such as a simulation demonstration at 2.5 Gb/s.
Introduction
Radio-over-fiber (ROF) technology has attracted much attention owing to its advantages on wide bandwidth, high data rate, and low loss [1] - [9] . In ROF systems, a central station (CS) connects a number of base stations (BSs) to cover a large service area. Recently, to fulfill the increasing data transmission capacity, the wavelength-division-multiplexing (WDM) technique has been employed in ROF systems [2] - [5] , namely, WDM-ROF. For instance, a full-duplex link of 25-GHz spacing WDM-ROF was implemented by using a supercontinuum light source and arrayed waveguide grating filters [3] . For WDM-ROF systems, the spectral efficiency is a crucial issue, which considerably determines the transmission capacity of the link. Therefore, a number of approaches have been proposed to achieve high spectral efficiency. In [4] , frequency interleaving technology was adopted to improve the spectral efficiency of WDM-ROF downlinks. On the other hand, wide bandwidth modulators and photodetectors are still needed to perform high-frequency electrooptic modulation and optoelectronic conversion, leading to high-cost setups. Photonic frequency downconversion technique has been considered as one of the potential alternatives to solve this problem of ROF systems [6] - [12] .
For instance, in [6] , photonic frequency down-conversion based on the optical frequency bidirectional shift technique was proposed for WDM-ROF uplinks, where the RF signal is modulated under double-sideband (DSB) modulation, and the down-converted intermediate frequency (IF) was achieved via the beating between the up-shift carrier and the down-shift single-sideband (SSB) signal, where an additional bidirectional shift to optical carrier and sidebands is required. In [8] , the frequency down-conversion was implemented via the beating between the shifted optical carrier and the original sideband or between the shifted sideband and the original optical carrier. Thus, an operation of frequency shifting is also needed. In [12] , the down-conversion and the microwave filtering were simultaneously accomplished by using a programmable optical frequency comb and a dispersive delay line. As the multiple optical comb lines serve as the carriers of multiple taps of a microwave-photonic filter, high-quality programmable filtering in the IF band was achieved for a single signal during the down-conversion process. For WDM-ROF systems, however, each comb line should support an independent channel, and the down-conversion should be performed in multiple channels when an optical frequency comb is used to ensure large capacity and high spectral efficiency.
In this paper, a photonic frequency down-conversion approach for high-spectral-efficiency WDM-ROF uplinks is proposed by using an optical frequency comb and SSB modulation. The key contributions are the simple operation for photonic down-conversion and the high spectral efficiency for data transmission. Particularly, the simple photonic down-conversion is realized via the direct beating between an optical carrier and a sideband when no additional frequency shift operation is employed, with both the architecture and the cost significantly simplified. In the proposed system, the optical frequency comb serves as a multiple-wavelength source, and each comb line is modulated by the corresponding RF signal under the SSB modulation. The IF signal is then achieved via the beating between the SSB and its adjacent optical carrier. Due to the band overlapping or the reduction of guard band between adjacent channels, the spectral efficiency is improved. Meanwhile, the fiber dispersion is significantly suppressed by using SSB modulation [13] - [15] . An experiment with the two channels is performed, showing successful frequency down-conversion and excellent transmission performances after propagation of different fiber links. . . . ; nÞ is the optical carrier frequency of the ith channel. Each optical comb is extracted in the remote node (RN) by a de-multiplexer (DE-MUX) for each channel and modulated by the corresponding upstream RF signal in the BS. For this photonic down-conversion, the novelty lies in the combination of an optical frequency comb and an SSB modulation and the direct beating between the SSB and its adjacent optical carrier. In details, Fig. 2(b) and (c) illustrates two different cases, i.e., f RF 9 f G and f G 9 f RF . In both cases, the IF signal is achieved via the beating between the SSB and its adjacent carrier, where f G ¼ f cn À f cðnÀ1Þ , f RF , and f IF are the frequency intervals of neighboring channels in the WDM grid, the frequency of RF signal, and the frequency of IF signal down-converted, respectively. It is clear that there is an overlapping between f G and f RF , particularly in the case in Fig. 2(b) and a reduction in the guard band in the case in Fig. 2(c) . Thus, the spectral efficiency is significantly improved. In the CS, a DE-MUX is used to separate each channel, and the IF signal is achieved via optical-to-electrical conversion. The down-converted IF is derived as
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In general, the down-conversion can be performed via the beating between the SSB of the ith channel and the optical carrier of the i þ mth channel with a frequency interval of mf G ðm ¼ 1; 2; . . . ; n À 1Þ. Then the IF can be expressed as
It should be noted that the proposed approach using optical frequency comb allows for all-optical down-conversion with high spectral efficiency for WDM-ROF systems where multiple channels are needed, and each comb line serves as an optical carrier. While in [12] , the point is the combination of the down-conversion and the programmable filtering in the IF band for a single high-frequency signal, where a multiple-tap microwave-photonic filter based on multiple comb lines is formed.
Experimental Setup and Results
The proposed photonic frequency down-conversion is demonstrated in a two-channel WDM-ROF uplink, of which the configuration is illustrated in Fig. 3 . In order to generate an optical frequency comb (i.e., multiple carriers) with 13-GHz spacing, a CW light at 1549.82 nm with a power level of 10 dBm from the laser diode (LD) is modulated by a 6.5-GHz sinusoidal signal on a polarization modulator (PolM, Versawave Technologies PL-40G-5-1550, 40-GHz bandwidth). Under the carriersuppressed modulation, two first-order sidebands are generated, and the spacing is just 13 GHz.
The optical spectra of the lights before PolM and after polarizer (Pol) are illustrated in Fig. 4 (a) and (b). In practical systems, an optical frequency comb can be directly employed for multiplechannel WDM-ROF systems. A 15-GHz RF signal is generated by electrical mixing between an electrical local signal at 17 GHz and a 2-GHz RF signal carrying 10-Mb/s quadrature phase shift keying (QPSK) data. The electrical spectrum of the RF signal at the output of the electrical bandpass filter (EBPF) with 15-GHz central frequency and 50-MHz bandwidth is illustrated in Fig. 5(a) and a zoom-in view is shown in its inset. The RF signal is divided in two parts by using an electrical coupler. By introducing a =2 phase shift between the two parts, the two ports of the RF signal are then applied to drive the dual-arm Mach-Zehnder modulator (DD-MZM, FUJITSU FTM7937EZ, 40-GHz bandwidth) biased at v =2 [15] , leading to an SSB modulation. The optical spectrum measured at the output of the DD-MZM is shown in Fig. 4(c) , with the À1 st sideband suppressed. Using a tunable optical filter (TOF), each channel can be extracted and independently processed, as illustrated in Fig. 4(d) . The suppression ratio is more than 25 dB between the two channels, and the spacing between the carrier and the SSB is too small to distinguish. A photodetector with a 15-GHz bandwidth is used to recover the IF signal from the þ1 st sideband and the adjacent carrier. As expected, a 2-GHz IF signal is achieved, whose electrical spectrum is illustrated in Fig. 5(b) . It should be noted that a better suppression ratio can be achieved as if a narrower passband is available. The influence of TOF is illustrated in Fig. 6 . Except for IF signal at 2 GHz, a 6.5-GHz spurious signal is observed, which results from the beating between the unsuppressed carrier and the up sideband of the carrier-suppressed signal. Nevertheless, the spurious signal is obviously smaller than the down-converted IF signal.
In order to verify the transmission performance of the proposed approach, the received QPSK data were analyzed with an electrical signal analyzer under different transmission distances, such as back-to-back, 10-, 25-, or 35-km fibers. Fig. 7 shows the clear eye diagrams and concentrated constellations for the four cases, indicating excellent transmission performance after photonic frequency down-conversion.
It should be noted that the down-conversion at a much higher data rate can be realized using the proposed approach, such as in the 40-GHz or 60-GHz ROF systems. In this paper, owing to the limit on the data rate of the vector signal generator, only the frequency down-conversion for the 10-Mb/s QPSK data was presented. In order to clarify this issue, a four-channel WDM-ROF uplink is established in the simulation experiment, where four comb lines with 30-GHz spacing are modulated by a 40-GHz RF signal carrying 2.5-Gb/s data. Other setups are similar to the experimental setup Fig. 4 . Then the 40-GHz RF signal is successfully down-converted to a 10-GHz IF signal. The electrical spectra before and after down-conversion are illustrated in Fig. 8(a) and (b) .
Furthermore, the resulting of BER curves as a function of the received optical power level was achieved and illustrated in Fig. 9 . At the BER of 10 À9 , for all of the channels, the received optical power level is about À15 dBm. In addition, the proposed approach does work for bidirectional WDM-ROF links with other uplink techniques [16] , [17] . 
Conclusion
A novel photonic frequency down-conversion for WDM-ROF uplinks using optical frequency comb and SSB modulation has been proposed and experimentally demonstrated. In this approach, the photonic down-conversion is greatly simplified with no need of additional frequency shift, and the spectral efficiency is significantly improved for WDM-ROF uplinks. In the proof-of-concept experiment, a two-channel WDM-ROF uplink was implemented, where the 15-GHz RF signal carrying 10 Mb/s QPSK data was successfully down-converted to an IF signal at 2 GHz, indicating excellent transmission performances from the eye diagrams and the constellation diagrams of the downconverted signals for different transmission distances. In addition, the photonic down-conversion for a higher data rate at 2.5 Gb/s can be realized using the proposed approach, which was demonstrated in the simulation experiment for a four-channel WDM-ROF system.
